Abstract: In this paper, we predict unexpected optical absorption in an optical thick freestanding transmission metallic grating by introducing periodical back grooves into it. The absorption peak could be very high up to 90%. In the structure, the introduced periodical back grooves bring about different orders of transmission minima into the transmission spectrum, which are named as transmission minima introduced by back grooves (TMIBBGs) here. When TMIBBGs approach the Fabry-Pé rot (FP)-like resonant transmission peaks supported in the slits, the latter will be strongly suppressed. However, the reflection dips are almost unaffected. As a result, absorption is greatly enhanced. More interesting, the positions of TMIBBGs can be tuned by modulating the structural parameters of back grooves to selectively inhibit different orders of FP-like resonant transmission peaks and realize corresponding enhanced absorption, meanwhile, without influence to other orders of FP-like resonant transmissions. Moreover, due to the asymmetry of the structure, the enhanced absorption is unidirectional. The physical mechanisms are qualitatively and quantitatively analyzed in this paper.
Introduction
One-dimensional subwavelength metallic grating has been a widely investigated plasmonic device due to its simple structure and fascinating characteristics of extraordinary optical transmission (EOT) [1] and extraordinary optical absorption (EOA) [2] - [10] . The physical origins of them are usually ascribed to the excitation of surface plasmons (SPs) [or spoof SPs (SSPs) for highly conducting structure], and/or the Fabry-Pé rot (FP)-like cavity modes (CMs) resonances in the slits, or magnetic polaritons resonances (MPRs). At those resonant positions related to EOA, the electromagnetic (EM) fields are usually strongly localized in the vicinity of the metallic grating, which is vital for applications such as light harvesting in solar cells [11] , [12] and photodetectors [13] .
Heretofore, there are several methods to realize EOA in plasmonic devices containing metallic gratings. For a free standing ultrathin metallic grating with very high filling factor, Roszkiewicz has evidenced that strong optical absorption (up to 75%) can be realized by the simultaneously excitations of the first-order cavity mode (CM) and the symmetric SPs [14] . The SPs on both sides of the grating couple with each other not only through the very narrow slits, but also the ultra-thin metallic stripes. In their structure, ultra-thin metallic stripes ðh ¼ 47:5 nmÞ and high filling factor ðf ¼ 0:94Þ are both vital for the enhanced absorption. However, for an optical thick FSTMG, especially in the absence of any lossy dielectric materials, very high (9 80%) optical absorption is hard to be realized based on SPs resonance or CM resonances because of the concomitant resonant transmission [as shown in Fig. 2(a) ]. In order to improve the absorption in optical thick FSTMG, one can alternatively use reflection grating [2] , [3] to eliminate the resonant transmission, or introduce dielectric materials to absorb lights localized by the metallic grating or couple them to the guide modes supported by the dielectric slab [11] , [13] , [15] , [16] .
In this paper, after introducing periodical back grooves into a FSTMG (as depicted in Fig. 1  down) , unexpected high optical absorption is observed (Fig. 2) . This is important because it provides a new way to control the SPs-CMs resonance in a FSTMG, which could be a new method to realize strong optical absorption in an optical thick transmission grating. The absorption in this structure is different from those in a deep reflection grating or grating with lossy dielectric material filled in the slits where all orders of resonances are involved in the absorption. Here, the absorption can be designated to certain order of FP-like resonance supported by the slits, meanwhile without influence to other order of FP-like resonance transmissions. In another word, we can realize resonant absorption and resonant transmission simultaneously in the same structure. On the other hand, due to asymmetry of the structure, unexpected absorption is only attained when TM polarized light incidents from the top side [ Fig. 1 ]. If the light inversely incidents from the bottom side, most of the energy is reflected [ Fig. 2(d) ], i.e., the high optical absorption is unidirectional. Accordingly, unidirectional optical absorber or reflector can be made based on the structure. Recently, unidirectional extraordinary transmission and beaming of lights are also evidenced in a composite structure that combines a symmetric metallic grating with a single subwavelength slit and a 90 polarization rotator due to the breakdown of spatial inverse symmetry [9] .
The grating has period p ¼ 0:5 m and thickness
Filling factor is defined as f ¼ w =p ¼ 0:9. The width s 21 ð0 s 21 fpÞ and depth h 2 ð0 h 2 hÞ of back grooves can be modulated to achieve designed optical absorption. The structure is made of silver whose dielectric constant is fitted using Drude model [14] . Spectral range under study here is 1 m $ 4 m, in which the slits and grooves in the structure are both in subwavelength regime. When structural parameters are optimized, high optical absorption (9 90%) can be achieved for TM polarized light (i.e., with the magnetic field H parallel to the slits) incidents on the structure [ Fig. 1(b) ] from the top side.
EOA Phenomenon
Numerical calculation of the field behavior was performed using rigorous coupled wave analysis (RCWA) [17] with a scattering matrix algorithm [18] . Fig. 2 presents the transmission (blue dotted lines), reflection (black solid lines) and absorption (red dashed lines) spectrums for different structures and incident conditions. In the absence of back grooves [ Fig. 1(a) ], two transmission (and absorption) peaks arise in the spectral range under study [ Fig. 2(a) ]. The peaks are associated with the FP-like CM resonance of the coupled-SPs modes inside the slits. As can be seen, most of the energy is resonantly transmitted for a simple FSTMG based on this kind of resonance. However, when back grooves are introduced [ Fig 
Qualitative and Quantitative Analysis of the Physical Origins of EOA

Qualitative Analysis
After careful study on the unexpected absorption presented in Fig. 2 we found that two principle physical processes contribute to it. As previously discussed by Huang [19] , the TM-polarized light incident on the metallic grating from top side is firstly converted to SPs or SSPs, which then propagate along the top conducting surface, until impeded by the slit corners to form oscillating dipoles at the entrances of the slits. These oscillating dipoles act as light sources which radiate some new wavelets into the slits to drive the free electrons on the slit walls to move towards the exits of slits. Consequently, new oscillating dipoles will be constructed at the exits of slits that act as light sources contributing to the transmission. Meanwhile, parts of wavelets are radiated back into the slits to form a FP-like CM resonance in the slits, which is one of the two fundamental conditions for strong optical absorption presented in Fig. 2(b) . It explains the reflection minima and transmission maxima in Fig. 2 (a), (b), and (d). The second condition is that TMIBBG should approach the FP-like resonant position to inhibit the resonant transmission. This inhibition can be explained qualitatively as below: When back grooves are introduced, some charges are gathered around the opening of the grooves, which decreases the charge intensity agitated around the exits of slits. On the other hand, the new dipoles formed at the openings of grooves are reversed to those at the exits of the slits. As a result, the wavelets radiated by them will interference destructively in the output region, which inhibits the transmission and enhances the absorption.
Quantitative Analysis
In order to explain the TMIBBGs and the strong optical absorption quantitatively, here we develop a rigorous theoretical formalism for our specific structure. The magnetic fields in the incident region and output region can be rigorously expanded based on Rayleigh expansion: where
and T M are the respective normalized amplitudes of the Mth-order reflected and transmitted fields. In the grating region, since the slits and grooves are all in subwavelength regime, therefore only one nonevanescent mode is propagating in the slits and grooves. Then the magnetic fields in the slits and grooves can be expanded as a sum of the eigenmodes of a slab waveguide [20] , [21] ,
where 0 ¼ k 0 n es , 0 ¼ k 0 n es 0 and s 0 ¼ s 21 . n es and n es 0 are the effective guide mode index in the slits and grooves, respectively. They can be numerically computed by solving the transcendental characteristic equation. rectðx =sÞ represents the rectangular function which is a good approximation for the amplitude of fields following Lalanne [21] .
With these definitions, electromagnetic boundary conditions are applied to both H y and E x at interfaces z ¼ 0, z ¼ h 1 and z ¼ h. After rigorous and complex derivation we finally obtain two semi-analytical expressions for the transmitted and reflected efficiency vectors as:
where the parameters are defined as follows:
with the secondary parameters defined as Fig. 3 presents the transmission spectrums corresponding to three sets of structural parameters. We can see that the results calculated from our formalism (2b) (dashed lines) agree well with that from RCWA method (solid lines). From the results we know, adding the back grooves will introduce transmission minima in the spectrum, i.e., TMIBBGs, which are different from Wood_s anomaly minima. TMIBBGs can be tuned in the spectrum by changing the parameters of back grooves. Specially, if the parameters of back grooves are well chosen, TMIBBGs can be tuned to approach certain order FP-like CM resonant transmission maxima supported by the slits, so as to inhibit the transmission and enhance the absorption.
Since we are studying the transmission silver grating with subwavelength slits and grooves under the normal-incidence of TM polarized light, only one (the zeroth-order) of the N d diffraction waves is propagative mode, the rest are evanescent modes. The transmission we obtained is dominated by the zeroth-order diffraction mode. From (2b), the zeroth-order transmission can be expressed as:
as can be seen from the numerator, even though there is only one propagative mode, but introducing the back grooves has brought about interactions between the propagative mode ðT 0 Þ and other evanescent modes ðT M 0 ðM 0 6 ¼ 0ÞÞ through the second term in the numerator. It is because of these interactions, TMIBBGs are obtained when the numerator tends to zero and the corresponding enhanced absorptions are attained when these TMIBBGs get close to the FP-like CMs resonances supported by the slits. If back grooves are removed, (4) will reduce to T 0 ¼ U 3;0 t =k 3;z0 and the interactions between the propagative mode and other evanescent modes disappear. As a result, TMIBBGs do not exist in the transmission spectrum, which agrees with the results given by Lalanne [21] .
EOA Regulars as Function of Structural Parameters
Since we have qualitatively and quantitatively explained the physical origins of TMIBBGs and the unexpected enhanced absorptions based on it, we now study the influence of the back groove_s parameters (width s 21 and depth h 2 ) on the TMIBBGs and absorption spectrum. These parameters directly influence the transmission spectrums though V 3;s 0 M and Q s 0 M defined in (3c) and (3g), which ultimately modify the absorption spectrum. Results calculated with RCWA method are presented in Fig. 4 (the scanning spectrum range is expanded from 1 m $ 4 m to 0:5 m $ 4 m in order to show the varying regulars clearly).
The horizontal white dashed lines in Fig. 4 TMIBBGs. In order to clearly show TMIBBGs, Fig. 4(a) and (b) are mapped in logarithm scales. We can see that the TMIBBGs can be classified into different orders as labeled by m ¼ 1, m ¼ 2, and m ¼ 3 etc. In Fig. 4(a) , different orders of TMIBBGs linearly depend on the depth of back grooves with different slopes. Once any order of TMIBBGs (oblique black dashed lines) crosses any order of FP-like CM resonances (horizontal white dashed lines), enhanced absorption is attained [ Fig. 4(c) ]. In fact, not only at the cross point, but in a range of groove depths near it, the absorptions are highly enhanced [ Fig. 4(c) ]. On the other hand, we can selectively inhibit different orders of FP-like resonant transmissions to obtain corresponding enhanced absorptions by changing the groove depth [ Fig. 4(a) and (c)] . Fig. 4(b) ]. The first-and second-order of TMIBBGs (curving black dashed lines) overlap the first-and third-order FP-like transmission maxima in a large range of groove width s 21 , which results in the corresponding enhanced absorptions as presented in Fig. 4(d) . The principle of these selective enhanced absorptions is clearly shown in Fig. 4(a) and (c) [at h 2 ¼ 0:45 m], in which it is the first-and third-order FP-like resonant transmissions that are inhibited at this groove depth. In a similar manner, we can set the groove depth to be 0.75 um to selectively inhibit the second-and third-order of FP-like resonant transmissions, or 0.19 um to inhibit only the second-order of FP-like resonant transmission.
In Fig. 4 , the influences of the groove depth and width are studied separately. However, they can be studied simultaneously by filling the back grooves with lossless dielectric material as presented in Fig. 5 . In the spectrum from 0.5 um to 4 um, only the first-order TMIBBG is clearly observed [the oblique dashed line in Fig. 5(a) ]. It intersects with the first-and second-order FP-like resonant transmission peaks at n 21 ¼ 1:8 and n 21 ¼ 3:9, corresponding to the effective groove widths and depths of ðs 21e ; h 2e Þ ¼ ð0:18; 0:18Þ m and ðs 21e ; h 2e Þ ¼ ð0:39; 0:39Þ m, respectively. The transmission 
Asymmetric Back Groove
The above results are all based on the structure with back grooves localized at the center ðr 21 ¼ r 22 Þ. Here we continue to study the case of asymmetric back groove ðr 21 . This is physically due to the enhancement of reflection and breakdown of the FP-like cavities in the slits. When r 21 increases from zero, the absorption exhibits small blue-shift. Fig. 6 (b) presents the absorption corresponding to different positions of back grooves for shallow grooves ðh 2 ¼ 0:1 mÞ. According to these results, we can see that the enhanced absorption shows small dependence on the position of back grooves only if they don_t merge with slits.
Angular Dependence of EOA
In order to study the EOA phenomena in our proposed structure systematically, the angular dependence corresponding to two sets of representative parameters are studied here. In Fig. 7(a) , the parameters are chosen so as to selectively inhibit the first-order FP-like resonant transmission in the structure and realize the corresponding enhanced absorption. As can be seen the strong absorption changes very small unless the incident angle gets very large ð9 60 Þ. The suppression of absorption is due to the increase of reflection for larger incident angles. In Fig. 7(b) , the secondorder FP like resonant transmission is selectively inhibited to realize enhanced absorption. It presents similar dependence on the incident angle as (a). So we conclude that this kind of enhanced absorption shows weak dependence on the incident angle.
In consideration of fabrication, our freestanding metallic grating can be achieved with a core-shell structure [22] . First, a dielectric (such as Si 3 N 4 ) skeleton is fabricated on Si substrate and drilled by dry etching. Then a silver coating with thickness much larger than the optical skin depth is deposited on the skeleton_s surface. As such, the mechanical properties of the whole structure are provided by the dielectric skeleton, leading to straight bars, whereas the optical properties are driven by the metallic coating. 
Conclusion
In conclusion, we have predicted unexpected EOA phenomenon in an optical thick FSTMG with introduced back grooves. In contrast to the widely discussed EOT phenomena in optical thick metallic grating, introducing the periodical back grooves brings about transmission minima which can highly suppress the FP-like CM resonant transmission when groove parameters are optimized. Qualitative analysis shows that the incoming wave is transformed into SSPs localized at the top interface of metallic grating, which are transported to the bottom interface through the slits subsequently. However, the subsequent back transformation of these exited SSPs into outgoing photons at the bottom interface is suppressed by the back grooves. Quantitative theoretical model is also developed to explain the physical origins of enhanced absorptions. As shown in the main text, adding periodical back grooves will introduce the interactions between the propagative mode and other evanescent modes which results in different orders of TMIBBGs. When the TMIBBGs approach the FP-like CM resonant transmission maxima, the latter are highly suppressed but the reflection dips are almost unaffected, hence enhanced absorptions (over 90%) are attained. On the other hand, the selective absorption is unidirectional in the structure, and is weakly dependent on the incident angle of light and position of the back groove only if it doesn_t merges with slits. These results may be useful in guiding the designs of one-way optical absorbers or reflectors and other types of plasmonic devices.
